In this work, we developed a Web system for designing constitution and structure of a composite and predicting its thermal conductivity. Two simulation methods, analytical method and finite element method, are available fitting for different requirements on computational efficiency and accuracy. This system has been used to predict the thermal conductivity of composites such as Mo/Al 2 O 3 , SiC/Al alloy, YSZ thermal barrier coatings, etc. The results are in good agreement with the experimental data, so the reliability and effectiveness of the system has been proved.
Introduction
Composite materials such as SiC/SiC and fiber reinforced plastics (FRP), etc. are expected to be used in various applications of the next-generation nuclear energy systems, for example, as solid wall blankets, tubes, etc. Thermal conductivity of the materials directly influences the efficiency of energy transport, and the materials' resistance to thermal stress and thermal shock, therefore it is an important basic property that must be considered in these applications. Since the thermal conductivity of a composite depends on its component materials and the arrangement of the materials, it is possible to optimize the property through constitutional and structural design. In fact, computer simulation has become an important approach in material development of composites, in order to decrease the cost and period. However, software products for composites design so far usually concentrate on mechanical properties such as strength and so on, and pay little attention on thermal properties. In this work, we developed a Web-based platform for designing composites with required thermal conductivity through materials selection, structural design and property prediction. 
Theoretically, there are two ways to resolve this problem, analytical method and numerical method.
Analytical method
Analytical solutions of thermal conductivity of composites are mathematical expressions analytically deduced based on simplified structural models of the composites, which express the effective thermal conductivity as a function of the constitutional and structural parameters. Starting from Maxwell [1] and Rayleigh [2] , many theoretical studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have been done to analytically resolve the problem of heat conduction in heterogeneous materials. The Wiener bounds [3] , effective-medium theory [4] [5] [6] [7] [8] and equivalent inclusion method [9, 10] have been widely adopted as effective methods of calculating thermal conductivity of composites. So far, analytical solutions of thermal conductivity are available for most of the commonly seen composite structures, including laminate composites and dispersion composites.
However, for different structural models, the analytical solutions of thermal conductivity are different. We can not expect one expression being able to be used for all of the composites. In this work, a package of calculation modules has been developed, which includes various analytical solutions for different structural models [14] , as shown in Table  1 . According to the structure of the designed composite, the system automatically selects the appropriate solution to use. No Equivalent inclusion method [9] Sphere Ellipsoid Dispersion composite
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Yes Effective medium theory [8] The simulation of thermal conductivity by analytical method is featured by the ease in modeling and fast speed in calculations, therefore is especially suitable for investigating the dependence of thermal conductivity on the constitutional and structural parameters.
2.2
One of the commonly used numerical methods to solve the heat conduction equation is finite element method (FEM). In this method, the bulk material is divided into many small blocks, and the temperature and heat flux at each block are numerically simulated, and then the thermal conductivity is calculated by a statistical process. In an FEM geometric model, the materials arrangement such as the shape, size, location and orientation of dispersion can be defined much more precisely than in an analytical model, and the anisotropy in materials property and temperature dependence can be also considered. An example of the FEM geometric models of dispersion composites is shown in Fig. 1 . The temperature and heat flux in above model can be described by the following equations [15] 
Where, κ ij is thermal conductivity tensor, T is temperature and q i is heat flux vector. Applying a temperature difference ∆T on the two surfaces of x 1 = 0 and x 1 = W, and using periodic boundary condition on the other surfaces, we can write the boundary conditions as can be calculated in a similar way by applying a temperature difference between the surface of x 2 = 0 and x 2 = L, and x 3 = 0 and x 3 = H, respectively. Simulation of thermal conductivity by numerical method allow us to address composites with more complicated structures than those can be solved by analytical method, for example, composites including more than two types of dispersions different in shape, sizes and material, or including dispersions with specific locations and orientations. The disadvantage of this method comparing with the analytical method is that the computational complexity is rather higher and consequently the computational time is longer.
Composite design platform
A Web-based composite design and thermo-physical property prediction system named CompoTherm has been developed based on above theories. The system is composed of four parts: a knowledge base, a materials database, an analytical simulation system, and an FEM simulation system. The knowledge base provides users with the fundamental knowledge required to use this system, such as the basic concepts about composites and the theory of thermo-physical property calculations. The analytical and FEM simulation systems help users to design a composite and to calculate its properties. The database contains property data which can be used in materials selection and property calculation.
Materials database
A thermo-physical property database is included in the system in order to help users to select appropriate component materials. The database contains data regarding the thermal conductivity, specific heat, density, and thermal diffusivity of metals, ceramics, polymers, etc., extracted from multiple databases [16] of National Institute for Materials Science and relevant literature. The data can be displayed both in the forms of graph such as thermal conductivity versus temperature (Fig. 2) , specific heat versus temperature, and numerical values. Figure 3 shows the web user interface for designing a dispersion composite in the analytical simulation system. The time to calculate the above properties is usually within 1 second, which makes calculating a large number of combinations of different materials and structural parameters possible, in order to find the dependence of the properties on these parameters. Fig. 3 Web user interface to design a dispersion composite in analytical simulation system. Figure 4 shows the window of composite design in the FEM simulation system. Figure  4 (a) is the input form for the material of matrix, the size and mesh refinement of the analytical unit and the temperature at which the property will be evaluated. Figure 4 (b) shows a data input form for dispersions which the user wants to specify each of them the shape, size, materials, coordination and orientation. Figure 4 (c) shows a data input form for randomly distributed dispersions, for which the user specifies the shape, volume fraction and number of the dispersions, and the size, location and orientation of each dispersion are generated by the computer.
Analytical simulation system
FEM simulation system
After the geometrical model is built, an FEM mesh is automatically created using the voxel-based method according to user-specified refinement. Depending on the mesh refinement, the computing time varies from several minutes to hours. An e-mail will be sent to the user when the process is finished, and the user can go to the web address to view the calculated result. Figure 5 shows the result of calculation. 
Evaluation of accuracy of calculation
In order to evaluate the accuracy and reliability of the analytical and FEM simulation system, thermal conductivities of some real composites have been calculated using one or both of these methods, and compared to the experimental data.
Mo fiber reinforced Al 2 O 3 matrix composite
The effective thermal conductivity of Mo fiber reinforced Al 2 O 3 polycrystalline matrix composite [17] was calculated with the analytical solution and the FEM method, and compared with the experimental result. The Mo fibers were in a shape of cylinder, 0.051 mm in radius and 3.175 mm in length, and with 1 dimensional orientation. The volume fraction of fiber was 0.043. Figure 6 shows the calculated effective thermal conductivity by the analytical solution and the FEM method together with the experimental result. κ 1 is the effective thermal conductivity perpendicular to the fiber and κ 3 parallel to it. The averaged deviations of the FEM result to the experimental data are about 8% for κ 1 and 5% for κ 3 , and those of the analytical solution are about 9% for κ 1 and 7% for κ 3 , respectively. Both FEM and analytical simulations are in good agreement with the experiment. 
SiC whisker reinforced Al alloy matrix composite
Specimens of aluminum alloy (A2024) and its composites with SiC whiskers were supplied by TOKAI CARBON CO., LTD.. The whiskers ware unidirectionally aligned in the matrix. For each type of whisker with diameter of 0.5µm and 1.0µm, composites with whisker volume fraction of 10% and 20% were made. Hereby we indicate the composites by the diameter and volume fraction of the whisker, for example, SiCw0.5-10% means whisker diameter 0.5 µm and volume fraction 10%. Analytical method was used to calculate the thermal conductivity of the composites.
The thermal conductivity of SiC whisker κ d , Al alloy matrix κ m and interfacial thermal conductance h c [18] used in calculation were listed in Table 2 . The calculated thermal conductivities at room temperature were plotted in Fig. 7 together with the measured values.
κ 11 is the thermal conductivity in the direction parallel to the SiC whiskers, and κ 33 perpendicular to them. The dependence of thermal conductivity on whisker diameter and volume fraction obtained with effective-medium theory is in agreement with that observed in experiment. The maximum deviation between the experimental and calculated data is 15%. 
YSZ thermal barrier coatings
Four types of pores exist in YSZ thermal barrier coatings [19] : inter-splats cracks, globular pores, branch cracks and segment cracks. Figure 8 shows the images and FEM models of the pores.
Three 8wt% yttria stabilized zirconia coatings C1, C2 and C3 were produced by atmospheric plasma spraying (APS) using an SG 100 gun (Praxair, Danbury, CT) under different conditions, and therefore containing different volume factions of the four types of pores. The porosity of each type of pores was determined with comprehensive consideration of the experimental data of density, microstructure images and mercury porosimetry. The procedure is described as follows and the results are listed in Table 3 .
(1) The total porosity of the coating was calculated as 1-ρ c /ρ b , where ρ c is the density of the coating, and ρ b the density of fully densed YSZ ceramics (6050 kg/m 3 ) [21] .
(2) The porosity due to globular pores was obtained from the optical images of the cross-sections of the coatings.
(3) The porosity due to branch cracks was also obtained by image analysis of the optical micrographs of the cross-sections of the coatings.
(4) The porosity due to segmentation cracks was determined by mercury porosimetry, in which the pores with a size of larger than 5 µm were considered as segmentation cracks.
From the SEM images, the ratio of a/c for inter-splat cracks was determined to be 45. The a and c of branch cracks were determined from the optical images to be 2 µm and 75 µm for C1, 2 µm and 65 µm for C2, and 1.5 µm and 57.5µm for C3, respectively. And from the top-view images, we estimated the width a and length b of segment cracks to be 5 µm and 250 µm for C1, 10 µm and 350 µm for C2, and 10 µm and 419 µm for C3, respectively. FEM method was used to calculate the effective thermal conductivity. The simulation was performed with four steps described as follows: (1) The thermal conductivity of YSZ coatings containing only inter-splat cracks was calculated. A cubic analytical cell containing randomly dispersed inter-splat cracks were built with fully densed YSZ ceramic with isotropic thermal conductivity of 2.30 Wm -1 K -1 [20] as the material of matrix, and the thermal conductivity is calculated. (2) Taking the composite in previous step as matrix, a model with randomly dispersed globular pores was built and the thermal conductivity was calculated. (3) Taking the composite in step (2) as matrix, a unit cell containing one branch crack at the center was built. (4) Taking the composite in step (3) as matrix, a unit cell including two centrally located and vertically crossed segmentation cracks was built and the final thermal conductivity was calculated. The calculation results of the transverse thermal conductivity of the three samples were given in Table 4 , together with the experimental results. The calculations are in good agreement with experiments. 
Conclusion
In this work, we developed a web-based platform for designing a composite using materials database, and predicting the thermal conductivity of composites. This system has been used to predict the property of various real composites, and the results are in good agreement with the experimental data, thus its reliability and applicability have been proved. This platform is opened to Internet access at a URL of http://composite.nims.go.jp/, and is expected to become a useful tool for composites design and materials education.
